'.) Check for updates

Received: 21 November 2024 Revised: 30 May 2025 Accepted: 11 June 2025

DOI: 10.1002/dep2.70024

The Depositional Record
e Depositional Recor oenAccess

Ajournal of the i of

WILEY

ORIGINAL ARTICLE

Anomalously cool clumped isotope temperatures in tropical
lagoon carbonates

D. A. Wyman-Feravich! | M. Ingalls' | J. L. Conroy’* | R.He' | S.Lusk’

1Department of Geosciences,
Pennsylvania State University,
University Park, Pennsylvania, USA

Abstract

Carbonate clumped isotopes are a powerful tool for paleoclimate reconstruc-
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tion due to the ability to reconstruct past changes in both temperature and
precipitation-evaporation balance. Here we test the utility of this method on last
millennium carbonate lagoonal sediments from Kiritimati, a coral atoll where

modern climate variability is driven by interannual changes in the El Nifio-
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Southern Oscillation. We find last millennium lagoonal temperatures from
clumped isotopes are cooler than anticipated compared to modern measure-
ments and other paleoclimate reconstructions. This discrepancy is probably due

to sediments containing a mixture of high-magnesium calcite derived from pri-
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mary precipitates and benthic foraminifera and aragonite derived from warm
water corals. We employed an inverse mixing model to minimise the impact
of vital effects related to coral growth on clumped isotope compositions and
found an increasing difference between modelled and measured T(A,,) values
through time. This potentially indicates that the composition of lagoon water
became increasingly unique from the coral carbonate formation waters through
the last millennium. This study highlights the necessity of detailed understand-
ing of carbonate mineralogy, sedimentology and provenance in interpreting
clumped isotope temperature reconstructions.
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1 | INTRODUCTION lattice is inversely related to mineral formation tempera-

ture (Anderson et al., 2021; Eiler, 2007; Ghosh et al., 2006).

Carbonate clumped isotopes are a novel tool for recon-
structing temperature through time. The carbonate
clumped isotope thermometer [T(A,,)] is based on bond
ordering of the rare, heavy isotopes of carbon and oxygen
in carbonates (Eiler, 2007). The proportion of ‘clumping’
of 1*C and '®0 atoms into bonds within the carbonate

Critically, the temperature dependence of clumping is in-
dependent of bulk oxygen isotope values and therefore
does not require independent knowledge of the compo-
sition of the formation water (5'°0,,) to determine the
temperature of mineral formation as is necessary with the
traditional oxygen isotope thermometer. Thus, clumped
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isotopes provide a means to calculate crystallisation
temperature and the oxygen isotopic composition of the
mineral formation water from a single analysis. This has
revolutionised paleoclimate reconstructions from marine
and terrestrial carbonate minerals (Agterhuis et al., 2022;
Bergmann et al., 2018; Finnegan et al., 2011; Henkes
et al., 2018; Lopez-Maldonado et al., 2023).

However, carbonate minerals grow by many mecha-
nisms and rates that can complicate a thermodynamic
equilibrium interpretation of their isotopic bond order-
ing (e.g. Saenger et al., 2012; Tang et al., 2014; Watkins &
Devriendt, 2022; Watkins & Hunt, 2015). Here we provide a
case study exploring the use of carbonate clumped isotopes
to reconstruct last millennium temperatures from multiple
carbonate minerals and growth forms in a tropical Pacific
lagoon. There are an abundance of stable oxygen isotope-
based marine paleoclimate records from the tropical Pacific
(Konecky et al., 2020), which have provided key insights
related to changes in the interannual El Nifio-Southern
Oscillation (ENSO) as well as multi-decadal to centennial
internal variability that influences the mean patterns of
temperature and precipitation across the basin (e.g. Grothe
et al., 2019; Oppo et al., 2009; Wyman et al., 2021). These
existing records provide valuable and independent means
of comparison for the clumped isotope-based temperature
record presented here.

We focused on carbonate lagoon sediments from the coral
atoll of Kiritimati in the central tropical Pacific. Kiritimati's
large, carbonate sediment-filled lagoon is connected to the
open ocean via 1-2km long inlets on the island's north-
west side. The lagoon water depth is overall quite shallow,
with water depths less than 10m (Kojima et al., 2022).
Kiritimati's climate is consistently warm (>27°C) and gen-
erally arid, and heavily defined by interannual changes in
ENSO, with increased sea surface temperature (SST) and
precipitation occurring during El Nifio events and vice versa
during La Nifia events. Previous paleoclimate investigations
on Kiritimati have successfully used fossil coral 5'*0, values
over the mid to late Holocene to track interannual ENSO
variability with high fidelity, while lake sediments indicate
strong multi-decadal to centennial climate variability (Cobb
et al., 2003; Grothe et al., 2019; Higley et al., 2018; Sachs
et al., 2009; Wyman et al., 2021). We expect that the oxy-
gen isotopic composition of Kiritimati lagoon water is sen-
sitive to both changes in local lagoon temperature, moisture
balance (precipitation minus evaporation), and sea level
changes associated with interannual changes in ENSO and
longer timescales. Consequently, primary carbonate miner-
als precipitating from lagoon waters and accumulating on
the lagoon floor should provide a continuous record of la-
goon water temperature and 50 values.

However, lagoons are known to accumulate carbonate
materials formed not only from the shallow lagoon water

column, but also intraclasts from the shallow marine sys-
tem carried to the lagoon through inlets and authigenic
fabrics precipitated from sediment porewaters. While car-
bonates that form in thermodynamic equilibrium with
their environmental waters record a A,; value reflecting
mineral formation temperature, mineral growth kinet-
ics and biological influences on carbonate formation can
drive disequilibrium in the clumped isotope system (Bajnai
et al., 2020; Davies et al., 2022; Ingalls et al., 2024; Lu &
Swart, 2024). Studies applying clumped isotopes to vari-
ous types of carbonate systems and materials in modern
environments can improve overall understanding of the
performance and nuances of this method by focusing on
how specific fabrics and grain types form, and how these
formation mechanisms influence the clumped isotope sig-
nature preserved by the mineral (Falk et al., 2016; Ingalls
et al., 2020, 2024). Studies of marine carbonates have found
clumped isotope values in foraminifera, coccolithophorids
and molluscs have the same T-A,; relationship as synthetic
carbonates (Huntington & Petersen, 2023 and references
therein). However, clumped isotope values of corals exhibit
the competing effects of equilibrium temperature depen-
dence and biological ‘vital’ effects, with different tem-
perature offsets for warm- and cold-water corals (Davies
et al., 2022; Saenger et al., 2012; Spooner et al., 2016).

Here, we leverage field measurements from the mod-
ern lagoon environment, ultra-high resolution SST data
from the past 20years and existing paleoclimate recon-
structions from the central tropical Pacific to ground truth
and evaluate the efficacy of the clumped isotope paleo-
thermometer in tropical lagoon sediments. Our aim is to
use these data to provide insight into the current strengths
and limitations of applying clumped isotopes to shallow
tropical marine environments.

2 | METHODS

2.1 | Modern Kiritimati lagoon waters

Modern lagoon temperature was assessed using the
ERDDAP Multi-scale Ultra-high resolution (MUR) SST
analysis fv04.1. The monthly dataset has a grid reso-
lution of 0.01 degrees and spans 2002 to present (Chin
et al., 2017). Surface temperature data from the lagoon is
evaluated using the grid at 1.92°N, 157.46°W, and sur-
face temperature data from the adjacent ocean grid is
evaluated at 2°N, 157.6°W. Paired open ocean (2.00°N,
157.483° W) and lagoon water (2.00°N, 157.479° W) sam-
ples were collected from the shoreline near the Tennessee
Primary School (Figure 1), in 0.5m water depth, weekly
from August 2013 to December 2014. Additional lagoon
water samples and in situ temperature measurements
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FIGURE 1 Aerial photo of Kiritimati from Google Earth satellite imagery from 2020. Core location (1.89N, 157.39 W) location shown
with red star, lagoon 8'0 sample location shown with black square, ocean 5'%0 sample location shown with blue circle.

were collected in 2014 and 2017 with a YSI handheld
probe. Samples were measured for oxygen and hydrogen
stable isotope (6'*0 and §*H) values and salinity at the
University of Illinois Urbana-Champaign. Salinity meas-
urements were conducted on a Thermo Scientific Orion
Star A212 benchtop conductivity meter, calibrated with
a 50.0mS/cm conductivity solution. Each 20 mL sample
was measured five times at a temperature of 25.0°C in a
dry bead block. Salinity values are reported in practical
salinity units as an average of these five values. Water iso-
tope analysis was performed on a Picarro L2130-i water
isotope analyser calibrated with three known standards
(VSMOW?2, GISP and SLAP2) and three house standards
(880 =10.2%o, 6.8%0, 0.3%0, 5°H =72.3%0, 41.9%, 0.9%o,
all water isotopes herein reported relative to VSMOW).
Each sample is an average of six measurements, cor-
rected for memory and drift with the methods of Van
Geldern and Barth (2012). Open ocean sample data were
previously reported in Conroy et al. (2017).

Surface salinity from the GLORYS12 reanalysis data-
set was also compared to field measurements of salinity
(August 2013 through December 2014). The GLORYS12
reanalysis has a grid spacing of 0.083°x0.083° and

provides monthly data from December 1993 to December
2020 (Jean-Michel et al., 2021). Monthly GLORYS12 sur-
face salinity data from August 2013 through December
2014 was compared to monthly averages of field measure-
ments from that timespan.

2.2 | Lagoon sediment collection
and preparation

Sediment core KIRI-LAGN17-1A-1V-1 (Figure S1) was
collected from the Lagoon in 2017 with an SD Mini-
Vibe core at a water depth of 2m (Figure 1). The core
is 108cm long. The core was collected in polycarbon-
ate tubing and the core top was preserved with floral
foam. Initial core description and high resolution im-
agery were completed at LacCore at the University of
Minnesota. Bulk sediment samples spanning depths
of 1cm were collected every 5cm down the core, fro-
zen, and freeze-dried. Large skeletal material, primar-
ily bivalves and gastropods, was removed via sieving
(>707um) and smaller (~595um) bioclasts (ostracod
valves and foraminifera tests) were identified under a
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picking scope and removed. Microscopic (<500 pum)
coral fragments, ostracods and foraminifera tests were
not removed. The remaining bulk sediment was then
ground with a mortar and pestle and treated with 30%
hydrogen peroxide to oxidise organic carbon. Treated
samples were rinsed three times with milliQ water,
dried in a fume hood overnight at room temperature
and powdered again prior to isotopic analysis.

2.3 | Carbonate Clumped Isotope
measurements

Carbonate samples were measured at Pennsylvania
State University in the Carbonate Clumped Isotope Lab.
Eighteen samples were analysed for clumped isotope
compositions, with three replicate analyses for each sam-
ple. Samples were loaded into a sample carousel on the
Protium IBEX and converted to CO, in a phosphoric acid
(p>1.92g/mL) common acid bath held under vacuum at
90°C. The IBEX carbonate preparation device removes
contaminants such as excess water, organic compounds
and other isobaric interferences (e.g. sulfur compounds)
from the sample gas in a series of three cryogenic traps
and a gas chromatography column cooled to —30°C before
isotopic analysis. Gas is moved through the system both
cryogenically and with a He carrier gas. Purified sample
CO, is held in a microvolume at —190°C prior to being
transferred through a nickel capillary into the sample bel-
lows of the Thermo MAT 253+ dual-inlet IRMS which
measures 5°C, 5'®0 and A, of the evolved CO, relative
to an in-house reference gas. Bulk isotopic compositions
were calculated using the Easotope software package,
which applies a drift correction to both §'°C and §'*0 and
a 90°C acid fractionation correction to the "0 values to
convert values from 8'*0 of CO, into §*%0, of the mineral
(Bernasconi et al., 2021; John & Bowen, 2016). Carbonate
83C, and 'O, are herein reported relative to VPDB.
Errors are reported as one standard deviation and are less
than 0.1%. for both isotopes, except for three §'*0, values
with standard deviations between 0.1 and 0.2%o.

Raw A,, was transferred to the interlaboratory carbon
dioxide equilibrium scale (I-CDES90) using carbonate
standardisation (Bernasconi et al., 2021) and all errors
were calculated using Clumpy Crunch (Daéron, 2021),
which propagates error through analytical reproducibil-
ity of replicate analyses, carbonate standard analyses and
uncertainties in the empirical transfer function (Tables S2
and S3). Errors are presented as one standard error (S.E.).
T(A,;) was calculated using the Anderson et al. (2021) cal-
ibration and §'®0,, was calculated from §'*0, and T(4,,)
using the calcite- and aragonite-specific fractionation fac-
tors from Kim and O'Neil (1997) and Kim et al. (2007).

2.4 | Chronology

A core chronology for KIRI-LAGN17-1A-1V-1 was de-
veloped from coherent marine shell material found at
specific intervals throughout the core (e.g. Diala semis-
triata and Finella pupoides). Two radiocarbon dates were
measured at the Energy and Environmental Sustainability
Laboratory at Pennsylvania State University and three
radiocarbon dates were measured at Keck-CCAMS at
the University of California-Irvine. The near-surface ra-
diocarbon date (4.5cm depth) had a fraction of modern
carbon greater than one and was calibrated with Calib-
Bomb using the Kure Atoll dataset for marine samples
(Andrews et al., 2016; Reimer & Reimer, 2024). All other
dates were calibrated with the Marine20 database using
a local DeltaR reservoir correction (Heaton et al., 2020;
Zaunbrecher et al., 2010). Age modelling was conducted
with the Bayesian age modelling program Bacon 2.3.7
(Figure S1; Table S1; Blaauw & Christen, 2011).

2.5 | X-ray diffraction (XRD)

Mineralogy of the powdered lagoon sediments was de-
termined by X-ray diffraction (XRD) using a Malvern
Panalytical Empyrean III in The Material Characterization
Lab (MCL) at Pennsylvania State University. The same
samples analysed for clumped isotope compositions were
selected for XRD analysis. The powdered sediments were
ground into <10 micron diameter with an agate mortar
and pestle prior to analyses. The diffraction peaks were
collected in a 20 range of 5° to 70° with an increment of
0.02°. All mineralogy peak data were processed with the
whole pattern fitting (WPF) ability in Jade software and
the International Center for Diffraction Data PDF database.
The instrument was calibrated by creating linear regression
models of known wt% of standard minerals and the area of
the minerals' characteristic peak. The whole pattern fitting
yields accurate results with uncertainties of +1 relative per-
cent. The mineralogical wt% was calculated based on the
XRD pattern. First, mineralogy was determined by the dif-
fracted angle between the X-Ray source and the detector.
Then the wt% was calculated with a non-linear least squares
optimisation based on the intensity of each peak.

2.6 |
(SEM)

Scanning electron microscopy

Back-scattered electron (BSE) and secondary electron (SE)
images were taken using the field emission scanning elec-
tron microscope (FE-SEM, Apreo 5, Thermo Scientific,
Waltham, MA, USA) in the Material Characterization Lab
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FIGURE 2 Scatterplots of modern (A) lagoon salinity and lagoon §'%0 values from field measurements. (B) ocean salinity and ocean

580 values from field measurements (locations in Figure 1), (C) salinity from GLORY reanalysis and lagoon salinity from field measurements,

(D) salinity from GLORY reanalysis and ocean salinity from field measurements. The ranges of last millennium lagoon water %0 calculated

from carbonate measurements are shown in panel A as a green bar assuming sediment is aragonite (Kim et al., 2007) and a yellow bar

assuming sediment is calcite (Kim & O'Neil, 1997). R and p in all panels denotes the correlation coefficient and the significance value.

at Pennsylvania State University. Powdered sediments were
mounted on conductive carbon tape on pin stubs and coated
with a 1pm layer of iridium using a Leica EM ACE600
Sputter Coater to reduce the potential charge build-up due
to the interaction between the electron beam and non-
conductive carbonate minerals. The BSE images were taken
on a T1 detector at a working distance of around 3mm with
a beam current of 0.05nA and a beam voltage of 3kV. The
SEM images were taken on the ETD detector with a working
distance of around 10mm, a beam current of 0.025nA and
a beam voltage of 5kV. Sediments from six different depths
were selected for SEM imaging (5, 15, 30, 45, 70, and 90cm).

3 | RESULTS

3.1 | Modern Kiritimati lagoon waters

From 2002 to 2024, the average monthly temperature
(1 SD) of the Kiritimati lagoon water was 27.6+1.0°C
(n=260), with monthly values ranging from 25.0 to 29.7°C.
These values are effectively the same as the SST values of
the nearby open ocean, where values are typically 0.02°C
warmer than the lagoon. Individual daytime lagoon tem-
peratures were measured at 27.3 and 27.7°C during sam-
pling in 2014 and 30.3°C in 2017. In situ measurements of

lagoon water properties in 2014 indicate salinities of 35.5-
36.0 PSU. Long-term lagoon salinity and §'®*0 measure-
ments from 2013 to 2014 yielded mean values of 36.5+1.5
PSU and 0.89+0.24%,VSMOW, respectively. In contrast,
mean ocean salinity and 5'®0 values are lower (34.6+0.2
PSU, 0.48+0.07%0) and less variable over the same sam-
pling period. Monthly averages of field measurements
of open ocean salinity are significantly correlated with
monthly salinity from the GLORYS12 reanalysis, while
lagoon salinity is not correlated with either ocean salin-
ity dataset (Figure 2). Lagoon 8'0 values are significantly
correlated with lagoon salinity, though there is no signifi-
cant relationship between ocean salinity and ocean §'*0
values over the same time period (Conroy et al., 2017).
Lagoon pH was measured at 7.99 in 2014, with an alkalin-
ity value of 119 mg/L (Higley et al., 2018).

3.2 | Lagoon sediment lithology and
mineralogy

The sediment is carbonate with two distinct sedimentary
units. Unit I (0-20cm below the sediment-water interface)
is a light red colour and contains bivalves, gastropods (Diala
semistriata and Finella pupoides) and ostracodes (includ-
ing Cyprideis torosa). The upper 5cm of this unit contains
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TABLE 1 XRD results for samples from KIRI-LAGN17-1A-1V-1.

Sample ID Depth (cm) High-Mg Calcite (%)
ODB15 5 36.6
ODB20 10 32.4
ODB25 15 26.6
ODB30 20 35.8
ODB35 25 38.3
ODB40 30 40.3
ODB45 35 29.1
ODB50 40 34.4
ODB55 45 34.0
ODB60 50 37.7
ODB65 55 31.4
ODB70 60 36.9
ODB75 65 35.5
ODB80 70 38.2
ODB85 75 38.9
ODB90 80 37.4
ODB95 85 37.1
ODB100 90 37.1

predominately aragonite (35.8-53.1wt%), followed by high-
Mg calcite (26.6-36.6wt%), low-Mg calcite (15.6-19.7wt%)
and halite (0.5-11.9wt%; Table 1), although the halite crys-
tals probably precipitated from NaCl-saturated porewaters
during sample drying and were later rinsed prior to isotopic
analysis. Dissolution of bioclasts made of acicular aragonite
and recrystallisation of calcite have been observed from
BSE images (Figure 3). Unit II (20-90cm) is white carbon-
ate with thin pink bands at 49, 63-65, 70 and 73cm. This
unit contains fewer ostracode valves than Unit I, with abun-
dance decreasing with depth. Gastropods are more abun-
dant than in Unit I, though occurrence frequency varies
with depth. The highest concentrations of gastropods are
found at 45, 55 and 80cm. The mineralogy is similar to Unit
I with higher proportions of aragonite (37.3-47.7wt%), fol-
lowed by high-Mg calcite (29.1-40.3wt%), low-Mg calcite
(14-20.4wt%) and halite (0.4-7.7wt%). Halite abundances
drop with depth. BSE images show the occurrence of coral
fragments at depths of 15, 25 and 55cm (Figure 3). Micritic
calcite was more abundant in deeper sediment.

3.3 | Sediment isotope geochemistry

Lagoon sediment §'°C, values in core KIRI-LAGN17-
1A-1V-1 ranged from 1.53 to 2.09%., with an average
value of 1.89+0.19%0. The 8"°C, values decreased from
620 to 800CE, increased from 800 to 1430CE, and then
generally decreased with time until the top of the core,

Aragonite (%) Calcite (%) Halite (%)
35.8 15.6 11.9
41.2 15.6 10.9
53.1 19.7 0.5
41.7 16.4 6.1
37.3 17.2 7.2
40.6 18.8 0.4
43.6 20.4 6.8
39 18.8 7.7
41.3 19.3 5.5
39.5 16.3 6.5
47.7 19.5 1.4
41 16.2 5.9
42.1 16.5 5.9
40.5 15.1 6.2
41.3 14.4 54
43.5 14 5.1
43.6 14.8 4.6
42.4 17.4 3.1

with a brief stable period from 1750 to 1850 CE (Figure 4C;
Table 2). Lagoon sediment §'°0, values ranged from
—1.90 to —1.32%o in the core, with an average value of
—1.56+0.16%0. The 50, values were generally stable
from 800 to 1900 CE, with lower values from 620 to 800 CE
and from 1900 to present (Figure 4B; Table 2).

The sediment A,;,;.cpgsgo Values ranged from 0.593 to
0.616%o (T(A,;)=17.8 to 25.3°C) in core KIRI-LAGN17-
1A-1V-1 with an average value of 0.606+0.007%o
(20.9+2.4°C). Sample mean temperatures increased from
620CE to 1100 CE, where they remained elevated until
1315CE (Figure 4A; Table 2), although many sample
means were indistinguishable within 1c. There is an over-
all long-term decrease in T(A,;) from 1315 to 1550 CE with
shorter-term oscillations between higher and lower T(A ;)
from 1550 to present. The T(A,,) values were not signifi-
cantly correlated with "°C,. or "0, (p>0.1).

Lagoon §'%0,, was calculated using T(A,,), 8'*0, and
mineral-specific fractionation factors for both aragonite and
calcite (Figure 4B; Table 2). Mineral-specific fractionation
factors for aragonite and calcite were calculated from Kim
et al. (2007) and Kim and O'Neil (1997), respectively. As the
material in the core is a combination of aragonite and calcite,
the presented values represent endmembers of §'*0,, values.
Assuming pure calcite, 5'*0,, values in the core ranged from
—0.86 to 0.96%o with an average of —0.01 +0.59%o.. Assuming
pure aragonite, 5'*0,, values in the core ranged from —1.63
to 0.18%. with an average of —0.78 +0.58%.. Regardless of
the specific fractionation factor used, the calculated average
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FIGURE 3 Microscopy was used to identify carbonate allochems and alteration textures in the top of core (Unit 1; A-F) and bottom of

core (Unit 2; G-L). Optical microscopy revealed the upper 5cm of sediment (A, B) had a pink hue and abundant, intact foraminifera and

Xesteleoberis sp. ostracod in addition to calcium carbonate micrite and cement. (C) An additional species of ostracod was identified at 15cm

depth. Scanning electron microscopy (SEM) revealed evidence of physical and chemical abrasion of coral fragments (D-F) but relatively

intact gastropod and bivalve shells. The sediments from 30 cm and below were white and optically opaque (G-I) with broken foraminiferal

fragments and calcite-cemented intraclasts of micritic clots. SEM imagery displayed further corrosion of less easily identifiable coral

fragments and ostracods (J-L). The ostracods in panels J and L appear to be the same species as the ostracod identified at 15cm (C).

5'%0,, values are generally lower than modern measure-
ments made in 2013-2014 and from water samples collected
in 2017 (0.89%0 and 1.62%., respectively). Trends in calcu-
lated 8'%0,,, through time were identical to measured T(A,,)
trends. T(A,,) was highly correlated with calculated §'*0,,
(R=0.92, p<0.001). 8'*0,, has an insignificant correlation
with §'%0, (R=0.25, p=0.33).

4 | DISCUSSION

4.1 | Modern Kiritimati lagoon water

Field observations and reanalysis data reveal Kiritimati la-
goon salinity and §'®0,, values are higher and more varia-
ble than the surrounding ocean (Figure 5). This is probably
due to increased sensitivity of the shallow lagoon environ-
ment to evaporation and meteoric runoff. This sensitivity
is also apparent in the statistically significant relationship
between modern lagoon salinity and lagoon §'%0,, values,
which is not found in the adjacent open ocean during the
same time interval (Figure 2). Lagoon salinity and 5'%0,,

are influenced by the degree of connectivity with the open
ocean, but also freshwater fluxes related to precipitation-
evaporation (P-E) balance. Lagoon salinity should increase
during periods of higher evaporation and decrease during
periods of increased precipitation if connectivity to the
open ocean has been relatively constant for the last millen-
nium. The §'%0,, values are similarly driven by changes in
P-E, with higher values occurring during periods of high
evaporation due to kinetic fractionation during evapora-
tion (Craig et al., 1963). Alternatively, lower 5'*0values
should occur during periods of higher precipitation due to
an increase in low 8'%0,, precipitation and runoff. Studies
of modern lagoons have observed that §'*0,, values of la-
goon waters are dominantly controlled by this P-E balance
(e.g. Chamberlayne et al., 2021). Such changes in P-E on
Kiritimati today are related to the seasonal wet-dry cycle
and interannual changes in P-E associated with ENSO
(Higley & Conroy, 2019; Wyman et al., 2021). Carbonate
clumped isotope-derived temperatures partnered with
880, values should enable us to extrapolate this relation-
ship into the last millennium to explore changes in lagoon
salinity and inferred P-E utilising §'0,, as a proxy.
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FIGURE 4 (A)A,; values and A, derived temperature reconstruction from Kiritimati Lagoon sediments. Error bars report one

standard error. Calcite percent for each sample shown as colour scale. (B) Lagoon carbonate 8'*0 and lagoon water 8'*0 values calculated

from temperature and carbonate 5180 values using Kim et al. (2007) and Kim and O'Neil (1997). Error bars are root mean squared error

of temperature and oxygen isotope error. (C) Carbonate carbon isotopic composition reported with one standard deviation uncertainty.

Percentages are listed in Table 1.

4.2 | Last millennium Kiritimati lagoon
5'%0,, and temperature from clumped
isotopes

The last millennium temperature range of the lagoon cal-
culated from clumped isotopes (17.8 to 25.3°C) is substan-
tially cooler, by up to ~7°C, than anticipated based on the

narrow range of modern lagoon temperatures (Figure 5A).
To assess these values relative to the range of temperatures
as estimated from average modern 8'*0,, values and the
upper and lower bounds of our §'®0, measurements, we
calculated temperatures using mineral-specific equations
for the temperature-dependent fractionation of oxygen
isotopes between water and aragonite (Kim et al., 2007) or
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FIGURE 5 (A) Time series of salinity (purple) and temperature (red) from GLORYS12 reanalysis. (B) Time series of salinity from
GLORYS12 (purple) reanalysis and ocean (blue) and lagoon (black) salinity from field data. (C) Time series of ocean (blue) and lagoon

(black) 5'®0 values from field data.

calcite (Kim & O'Neil, 1997), given the mixed mineralogy
of the lagoon sediments. When we assumed samples were
100% calcite and formed from water with an average mod-
ern composition (0.89%.VSMOW), we calculated a range
of water temperatures from 24.0 to 27.0°C. Temperatures
estimated assuming pure aragonite ranged from 27.9 to
30.9°C. Estimates assuming calcite mineralogy and mod-
ern lagoon §'°0,, overlap with the uppermost temperatures
derived from carbonate clumped isotopes but are signifi-
cantly warmer than the mean T(A,,) (Figure 4B). The tem-
peratures calculated assuming aragonite mineralogy do
not overlap with the measured T(A,;) range. We interpret
this discordance in §'®0,-derived temperatures and both
modern observed and measured A,,-derived temperatures
as an indication that P-E, or other factors, have a stronger
control on lagoon §'®0, values than temperature. We also
calculated last millennium lagoon &'®0,, values from car-
bonate clumped isotope temperatures and §'*0, values
measured from the lagoon sediments. Last millennium la-
goon 80, values span a broader but overlapping range
(—0.86 t0 0.96%o for calcite or —1.63 to 0.18%o for aragonite)
compared to modern field measurements of lagoon %0,
(—0.31 to 1.17 %o). Again, the modern observations agreed
most closely with calcite-derived values (Figure 4B).

If the anomalously cool clumped isotope tempera-
tures are correct, they may imply carbonate formation is
occurring not in the warm surface waters, but rather in

TABLE 3 Groundwater temperatures measured at an inland
lake in 2017 and 2019.

Groundwater temperature (°C)

Standard
Year Min Max Average deviation
2017 28.2 32.0 29.5 1.0
2019 28.2 31.5 29.3 0.8

potentially cooler subsurface waters. Unfortunately, we
lack subsurface lagoon water temperature data, but given
the shallow depth of both the lagoon and the coring site,
it is unlikely that water temperatures are as cool as 17°C.
Additionally, temperatures of shallow groundwater are
similar to the temperatures of shallow lakes in Kiritimati
(28.2-32°C; Table 3), further suggesting shallow sub-
surface waters are not responsible for cooler lagoon
temperatures.

4.3 | The isotopic implications
of the origins of high-Mg calcite and
aragonite muds

The cooler than anticipated last millennium clumped
isotope temperatures may be due to carbonate formation
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FIGURE 6 Comparison of lagoon carbonate (red) '*C and §'30 values from this study to data from Arp et al. (2012, grey scale).

mechanisms. Kiritimati lagoon sediments are composed
of a physical mixture of aragonite, low-Mg calcite and
high-Mg calcite allochems (Table 1), the origins of which
are important for understanding and interpreting isotopic
signatures from bulk carbonates. High-Mg calcite has
been observed in carbonate muds in Belize and Panama,
where it was hypothesised to form as primary precipi-
tates (Gischler et al., 2013) or from micritised skeletal
grains of benthic foraminifera (Reid et al., 1992). Isotopic
signatures from primary carbonate precipitates in semi-
restricted marine and lagoon environments are expected
to reflect water temperature (A, 6180), P-E balance
(6'®0) and diurnal cycling of primary productivity (6'*C)
(Chamberlayne et al., 2021; Chen et al., 2022; Geyman &
Maloof, 2019).

Aragonitic mud has a variety of origins in shallow
carbonate environments, including primary precipita-
tion or abrasion of peloids, microbialites, ooids and skel-
etal carbonates during tidal agitation (Arp et al., 2012;
Gischler et al., 2013; Trower et al., 2019). These possi-
ble sources of abraded mud particles can be narrowed
based on expected isotopic signatures (Arp et al., 2012;

Geyman & Maloof, 2019). Non-skeletal and microbially-
mediated carbonates tend to have higher §"°C val-
ues than skeletal carbonates (Arp et al.,, 2012; Chen
et al., 2022; Gischler et al., 2013). Isotopic composition
from lacustrine and lagoonal sources on Kiritimati sup-
ports these trends with microbially-mediated carbon-
ate 8'°C values ranging from 2.5 to 8.1%0 and skeletal
carbonates ranging from —2.6 to 3.7%o. (Arp et al., 2012;
Chen et al., 2022). Arp et al. (2012) further demon-
strated a linear relationship between 8'°C and 80 in
Kiritimati carbonates of skeletal origin that is not ev-
ident in microbially-mediated carbonates. The carbon
and oxygen isotopic compositions of lagoonal carbon-
ates from this study fall within the distribution of skel-
etal carbonates along a tie line between Holocene and
recent skeletal and microbially mediated carbonates
(Figure 6). This finding indicates that the §"*C and §'*0
values of the bulk lagoon sediment are influenced by a
contribution of skeletal carbonate. This is supported by
the presence of skeletal fragments observed in SEM im-
ages (Figure 3). It is probably that the majority of the
aragonite portion of the bulk sediments is derived from
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coral, though other organisms with aragonitic skeletons
are present. This is unsurprising considering Kiritimati
is a coral atoll; thus, most carbonate not produced in the
water column or in pore spaces is probably coral.

The isotopic composition of coral skeletons is an im-
portant source of paleoclimate information such as sea
surface temperature and ENSO because their growth habit
can record the seasonal to centennial variability in tem-
perature and sea water isotopic composition (Thompson
et al., 2022). However, 81¢, 8'%0 and A,, signatures of
coral skeletons are susceptible to biological ‘vital effects’
that skew these values away from equilibrium between
inorganic carbonate and sea water (Adkins et al., 2003;
McConnaughey, 1989; Saenger et al., 2012; Spooner
et al., 2016). The magnitude and directionality of these
disequilibrium effects are known to be species-specific,
leading to coral-based paleoclimate reconstructions focus-
ing on a single species and assessing isotopic variability in
anomaly space. The disequilibrium offsets in corals have
been attributed to kinetic isotope effects during the slow
conversion between dissolved CO, and bicarbonate prior
to mineralisation (Affek and Zaarur, 2014; Daéron et al.,
2011; Davies et al., 2022; Saenger et al., 2012). The growth
habit of warm water corals, such as those that form the
Holocene fossil corals (Woodroffe & McLean, 1998) and
modern reef of Kiritimati atoll, systematically offset A,
values to higher than expected based on growth tem-
perature and the thermodynamic equilibrium tempera-
ture-A,, relationship for inorganic carbonates (Saenger
et al., 2012). Davies et al. (2022) demonstrated that warm
water corals often underestimate temperature by 8 to 15°C
due to the positive disequilibrium A,, offsets. Given the
evidence for coral fragments in the bulk lagoon sediments
and likelihood that a portion of the aragonite mud was
derived from the fossil coral material, we hypothesised
that our cooler than expected A,,-derived temperatures
can primarily be attributed to disequilibrium isotope ef-
fects inherent to coral rather than a record of colder paleo-
lagoon temperature.

4.4 | Reconstructing lagoon water
temperatures by ‘unmixing’ equilibrium
and disequilibrium carbonate components

The hypothesis that cooler than expected A,;-derived
temperatures can primarily be attributed to disequi-
librium isotope effects can be tested using an inverse
mixing model. The bulk lagoon sediments are physical
mixtures of calcite (46-59wt%; Table 1) and aragonite
(36-53wt%), as discussed previously. Their diverse ori-
gins (i.e. formation waters, formation mechanisms) ne-
cessitate that the measured bulk isotopic compositions

are also mixtures of these various end member compo-
sitions, complicating their interpretation. While carbon
and oxygen isotopic compositions mix linearly weighted
by the mass fraction of each end member, A,, mix-
ing is non-linear, with the magnitude of non-linearity
dependent on how much the end member §°C and
5'*0 compositions differ from each other (Defliese &
Lohmann, 2015). We used the theoretical mixing model
of Defliese and Lohmann (2015; Table S4) to determine
plausible compositions for primary high-Mg calcite
formed from lagoon water as a best estimate of paleoen-
vironmental information.

We assumed two end members: high-Mg calcite
formed within the lagoon and aragonite derived from
pulverised and abraded coral. This neglects the possi-
bility of a significant contribution from microbial car-
bonate; however, the bulk compositions of microbial
carbonate formed within the lagoon are expected to
resemble other non-skeletal primary carbonate (Arp
et al., 2012). This also neglects other sources that may
contribute aragonite. We also assumed that any isoto-
pic fractionation imparted during partial dissolution of
aragonite and precipitation of authigenic calcite was
negligible (Fantle & DePaolo, 2007; Stolper et al., 2018)
compared to the kinetic fractionation associated with
coral growth. We explored a range of bulk and clumped
isotopic compositions of warm water corals reported in
Davies et al. (2022) as the aragonite end member. Porites
and Acropora are the most common genera of corals
reported on Kiritimati (Bowden-Kerby, 2017; Cannon
et al., 2021). As such, we used 813¢c, §'%0 and A,; val-
ues for two samples of Acropora from Belize and the
Maldives and three samples of Porites from the Maldives
and Kuwait as the aragonite end member (Table S4). We
used the lowest 8'3C and 56'%0 values (5 and 0%, respec-
tively) of carbonates from Lake 1 on Kiritimati (Chen
et al., 2022) for the bulk composition of the calcite end
member, assuming the semi-restricted lagoon water
would bear a similar composition but be less evapora-
tively '*O-enriched than a restricted lake on the same
island. These values also agree with the values reported
for Holocene to recent non-skeletal marine-lagoonal
carbonates in Arp et al. (2012).

We then iterated through A,, values of the lagoonal
calcite end member until the A,; value of the resultant
mixture matched our measured A, value for each sample
(except the coretop sample). For each sample, we quanti-
tatively assigned the weight percent of the aragonite and
calcite end members based on XRD data for that sample
(Table 1). We calculated the A,; value of an authigenic
calcite end member that would result in the measured
A,; value when mixed with each of the 5 coral samples
(Table S4), but present only the full range of calculated
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TABLE 4 Datainputs and model results from inverse mixing a two-component system where component 1 is a pure coral, with

Sample IDs and isotopic compositions derived from Davies et al. (2022) and component 2 is a carbonate precipitated authigenically from
lagoon water, with bulk §'3C and 8'®0 values taken from Chen et al. (2022). The resultant mixture, based on weight percent calcite and
aragonite of each natural sample and the clumped isotope mixing model of Defliese and Lohmann (2015), is tuned to the measured isotopic

compositions of the lagoon bulk sediment samples.

Component 1=pure end member corals

Sample ID* 830 (%.VPDB) 8"3C (%oVPDB) By s T(A,,) (°C)
A6, Acropora -3.16 0.14 0.610 19.7

A4, Acropora —-3.85 —0.55 0.618 17.1

PG1, Porites lutea —5.42 -1.76 0.621 16.2

PL7, Porites lutea —3.07 =253 0.637 11.4

Q43, Porites lutea —3.33 —3.00 0.636 11.7
Component 2 =pure end member authigenic lagoonal carbonates

Sample ID 8'%0 (%cVPDB) 8*C (%cVPDB) A, range T(A,,) range
ODBI15 0 5 0.557 to 0.580 29.8 t0 38.3
ODB20 0 5 0.585 to 0.614 18.4 to 28.0
ODB25 0 5 0.579 t0 0.610 19.7 to 30.2
ODB30 0 5 0.580 to 0.605 21.31t029.8
ODB35 0 5 0.570 to 0.590 26.3t033.4
ODB45 0 5 0.563 to 0.590 26.3t0 36.0
ODB50 0 5 0.590 to 0.613 18.7 to 26.3
ODB55 0 5 0.580 to 0.605 21.31t029.8
ODB60 0 5 0.555t0 0.577 30.9 to 39.1
ODB65 0 5 0.557 to 0.585 28 to 38.3
ODB70 0 5 0.553 t0 0.577 30.9t0 39.9
ODB75 0 5 0.562 to 0.585 28 to 36.4
ODB80 0 5 0.577 to 0.600 22.91t030.9
ODBS85 0 5 0.578 to 0.602 22.3t030.5
ODB90 0 5 0.581 to 0.607 20.6 t0 29.5
ODB95 0 5 0.582 to 0.609 20 to 29.1
ODB100 0 5 0.600 to 0.620 16.5 to 22.9

*Sample ID as given in Davies et al., 2022.

values resulting from mixing with the coral samples with
highest and lowest A,; values in Table 4, as these repre-
sent the limits on the grey shaded region in Figure 7.

The goal of this exercise was to tease out a primary
lagoon temperature trend through time, effectively see-
ing through the coral vital effects and mixing. We found
that the T(A,,) of the primary lagoonal calcite end mem-
ber calculated from the mixing model generally followed
the trend of the measured T(A,,;) curve (Figure 7). The
calculated calcite end member values were always higher
than the measured sample mean, but sometimes agreed
within 1o uncertainty, independent of weight percent cal-
cite (Figure 7). Critically, these calcite end member T(A,,)
values are in better agreement with the measured modern
lagoon water temperatures (blue box in Figure 7) than the

apparent temperatures from aragonitic corals (pink box in
Figure 7) and the bulk sediment analyses. This agreement
with measured lagoon water temperatures supports our in-
terpretation of the ‘unmixed’ calcite A,, values as the pri-
mary end member potentially formed in thermodynamic
equilibrium with lagoon water. As such, we were able to re-
construct a temperature trend in the primary calcite recon-
struction otherwise masked in the bulk clumped isotope
dataset. Lagoon temperatures were lower than or similar to
modern for the majority of the past 1.5 millennia, but were
elevated above modern ~1000 to 1300 CE, and potentially
as recent as the mid-20th century (Figure 7).

The 5cm sample dated to 1957 CE unexpectedly yielded
a higher lagoon water temperature than the modern
(2002-2024). This probably is an artefact of uncertainties
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FIGURE 7 Reverse mixing model results. Blue band indicates modern (2002-2024) temperature, grey region indicates the modelled

lagoonal carbonate end member temperatures, circles are T(A ;) analyses (+1c) from Kiritimati lagoon sediments coloured by wt% calcite,

and pink band indicates T(A,,) from warm water corals (Davies et al., 2022).

inherent to the model. For example, one major assump-
tion made was that the coral carbonate was the entire ara-
gonite sediment fraction while the Mg calcite comprised
the lagoonal carbonate fraction. However, coral carbonate
found within well drillings at Kiritimati has been found
to be aragonite or Mg calcite, so some fraction of the Mg
calcite could also contribute isotopic disequilibrium to the
physical mixture. A greater mass fraction of coral carbon-
ate within the older samples, regardless of weight percent
aragonite, could explain the apparent cooler temperatures
than the younger samples. Another assumption is that the
isotopic compositions of the Porites and Acropora samples
from other tropical reef localities are similar to corals at
Kiritimati. The 8"°C and 880 values of both aragonitic
and Mg calcite fossil corals from wells at Kiritimati yield
lower 8'°C and '®0 values than the Holocene marine-
lagoonal non-skeletal carbonates and gravels of corals
mixed with shell debris and other carbonate allochems
(Arp et al., 2012), so this assumption is reasonably de-
fensible. Although we do not have pure coral carbonate
A,, values from Kiritimati to compare to, the A,, values
of all warm water corals presented in Davies et al. (2022)
have a limited range of 0.609 to 0.637, and the Acropora
and Porites samples chosen in our model span this global
range. Although uncertainties inherent to decisions made
to choose model input and our data remain, the general

trend observed in the ‘unmixed’ Mg calcite end member
of higher temperatures early in the last millennium and
recently may hold.

4.5 | Implications for paleo-lagoon
interpretations

The Kiritimati lagoon sediment record spans the last
~1700years and has the potential to provide a continuous
record of lagoon conditions, which in turn probably respond
to regional oceanic and atmospheric variability. The conti-
nuity of such a record is especially important as composite
fossil coral and lake sediment records from this time period
have many hiatuses (Cobb et al., 2013; Sachs et al., 2009;
Wyman et al., 2021). However, as discussed above, the un-
corrected, clumped isotope-derived temperature estimates
are complicated due to the mixed sources of carbonate
sediments. Additionally, the magnitude of the tempera-
ture uncertainty on individual samples makes it challeng-
ing to interpret temporal changes in temperature, if they
fall within the range of this uncertainty. Nevertheless, the
most prominent feature of the corrected temperature time
series is ~5 to 14°C warmer lagoon temperatures in the up-
permost sediment sample, dating to the mid-20th century
(Figure 7), as compared to the measured T(A,;) values. The
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corrected temperatures are higher than measured ocean
temperatures, though this is probably due to uncertainty in
the model inputs, such as the coral end member clumped
isotope compositions. Nevertheless, recent 20th century
warming in the region is supported by warming inferred
from coral 80 and Sr/Ca records from the Line Islands
and is interpreted as being either anthropogenically forced
or due to natural, multi-decadal variability (Hitt et al., 2022;
Nurhati et al., 2009).

Inferred 20th-21st century warming in Line Islands
coral records is accompanied by freshening as a result
of increased convection and precipitation with warming
temperatures, with both warming and sea water freshen-
ing contributing to constructive decreases in coral 880
values (Hitt et al., 2022). However, the nature of this cova-
riance may be more complex (Hitt et al., 2022; Thompson
et al., 2022). Interestingly, Lake carbonate 880 values
from Kiritimati's Lake 30 also show lower values in recent
decades, interpreted as lake freshening due to increased
P-E and related lower precipitation §'*0 values (Wyman
et al., 2021). Uncertainty in clumped isotope lagoon tem-
peratures due to mixed sediment sources naturally trans-
lates into uncertainty in lagoon water 8'30 values. Using
the corrected range of temperatures shown in Figure 7, we
observe lagoon water §'*0 values are higher in the 20th
century sample, suggesting a more evaporative environ-
ment. This observation conflicts with the coral and lake
record interpretations.

While clumped isotopes have facilitated numerous ad-
vances in our understanding of ancient climate, the ap-
plication of clumped isotope thermometry to carbonate
environments with two or more carbonate sources and/
or formation mechanisms, such as lagoons, must be done
with care and within a facies-specific framework. We have
shown that bulk carbonate clumped isotope measure-
ments in a tropical lagoon result in cooler than expected
reconstructed temperatures. Such results taken at face
value can lead to erroneous paleoclimate interpretations.
Indeed, this work has demonstrated that (1) carbonate
mixing effects can have a profound impact on the clumped
isotope results and subsequent interpretations and (2) full
utilisation of clumped isotope records requires a thorough
understanding of mineralogy, carbonate sources, vital ef-
fects and depositional environment.

5 | CONCLUSIONS

Here we tested the utility of carbonate clumped iso-
tope thermometry to reconstruct changes in last millen-
nium lagoonal temperatures at the coral atoll Kiritimati.
Clumped isotope-derived temperatures were lower than
expected based on 80, reanalysis data and modern

observations. Paleo-8"%0,, values calculated using 8'°0,
and T(A,;) were generally lower than expected but do
overlap with modern measurements of 5'%0,,. The lower
than expected clumped isotope temperatures are probably
the result of mixed carbonate sources with different con-
trols on A,, values. Specifically, some material probably
originates from warm water corals, which are known to
underestimate temperature by 8 to 15°C due to kinetic
fractionation inherent to their biomineralisation path-
ways. Results of an inverse mixing model to remove the
impact of coral sources on clumped isotope temperatures
yielded temperature ranges closer to expected during the
last millennium. However, these modelled T(A,;) val-
ues overestimated recent temperature measurements at
Kiritimati, indicating that the model parameters, such as
end member coral compositions and complexity of the
materials contributing to the high-Mg calcite and arago-
nite end members, were under constrained. Overall, this
study demonstrates the necessity of detailed understand-
ing of carbonate mineralogy and source area for accurate
interpretation of clumped isotope results.
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